Global characterization of tissue proteomes from small amounts of biopsy material has 50 become feasible due to advances in mass spectrometry and bioinformatics tools. In celiac 51 disease (CD), dietary gluten induces an immune response which is accompanied by 52 pronounced remodeling of the small intestine. Removal of gluten from the diet abrogates the 53 immune response and the tissue architecture normalizes. In this study we have quantified 54 differences in global protein expression of small intestinal biopsies from CD patients by 55 analyzing formalin fixed paraffin embedded (FFPE) material using liquid-chromatography 56 mass spectrometry and label-free protein quantitation. We have compared protein expression 57 in biopsies collected from the same patients before and after one year treatment with gluten 58 free diet (n=10) or before and after 3-day gluten provocation (n=4). We show that differential 59 expression of proteins in particular from mature enterocytes, neutrophils and plasma cells can 60 distinguish untreated from treated CD mucosa, and that immunoglobulin variable region 61 IGHV5-51 expression may serve as a CD specific marker of ongoing immune activation. In 62 patients that had undergone gluten challenge we observed coordinated upregulation of wound 63 response proteins including the CD autoantigen transglutaminase 2. Our study provides a 64 global and unbiased assessment of antigen-driven changes in protein expression in the celiac 65 intestinal mucosa. 66 67 68 69 70 71 72 4 73 74
INTRODUCTION
were not included in enrichment analysis. Default settings were used. GO Term fusion was 255 chosen and only pathways enriched by p < 0.05 were shown. Grouping was based on kappa 256 score with initial group size of 1 and 50% genes or terms for group merge. Networks were 257 visualized in CytoScape and further color coded using Adobe Illustrator (CS5.1). Proteins 258 upregulated in P1-P10 were also searched for GO Reactome pathway enrichment.
260
Protein-protein interaction network analysis 261 For patient P1-P10 (UCD vs TCD), a custom protein-protein interaction (PPI) network was 262 built by selecting seed genes that were t-test significant from Perseus (p-value <0.01) and 263 allowing those seed genes to generate PPI networks from an integrated database of protein 264 interactions 31 . Each PPI in the network had at least one PubMed citation, was experimentally 265 validated, and was a physical binding interaction. Only protein interaction neighbors detected 266 in the proteomics dataset were allowed to form interactions in the PPI network generation. A 267 filter was applied whereby only proteins annotated to the GO term "response to cytokine" 268 (GO:0034097) were allowed to be included in the PPI network. The network was then visualized and annotated using the Cytoscape version 3.3.0 and all proteins were labelled as 270 increased or decreased in UCD vs TCD based on the fold change in expression as calculated 271 from the t-test analysis in Perseus. Proteins present in the GO terms "response to type I 272 interferon" (GO: 0034340), "response to interferon gamma" (GO: 0034341) or "response to 273 tumor necrosis factor" (GO: 0034612) were color coded as indicated. 274 For patient B-E (before and after 3-day challenge) PPI analysis was performed using were subjected to immune-enzyme staining to enumerate CD15, MPO and calprotectin 283 expressing cells. Three micrometer thick sections were stained using the Dako EnVisionTM 284 Flex+ System (K8012; Dako, Glostrup, Denmark) and the Dako Autostainer.
285
Deparaffinization and epitope retrieval was performed using PT-Link (Dako) and 286 EnVisionTM Flex target retrieval solution. Endogeneous peroxidase was blocked using 0.3% 287 hydrogen peroxide for 5 min. Sections were incubated for 30min at room temperature with 288 primary antibodies (rabbit polyclonal anti-calprotectin, 1:10000 (gift from I. Dale (Calpro, 289 Oslo, Norway)) rabbit polyclonal anti-MPO (1:1000, A0398, Dako) or mouse monoclonal 290 IgM anti-CD15 (1:50, clone Carb-3, Dako) followed by 15 min incubation with EnVision 291 FLES+ rabbit or mouse linker. Sections were incubated with secondary antibodies for 30 min at room temperature followed by 393-diamonibenzidine tetrahydrochloride (DAB) for 10 min 293 and counterstaining using hematoxylin.
294
Stained sections were scanned (Pannoramic MIDI, 3DHistech, Budapest, Hungary), exported 295 and analyzed using the QuPath software (0.1.2) 33 , blinded to patient number and diagnosis.
296
Four to 6 representative regions of lamina propria (ranging from 30000-90000 µm 2 ) were 297 annotated per slide, spanning from the subepithelial basement membrane to the muscularis 298 mucosae when possible. DAB positive cells were counted using the "positive cell detection 299 tool". Only cells that were considered highly positive were counted, and positive selections 300 were manually verified. Reported values represent mean values from all counted regions.
301
Representative regions of CD15 staining from two patients were exported to Image J and 302 saved as TIF.files.
304
Multi-color immunofluorescence staining 305 Three micrometer thick FFPE tissue sections of 3 patients (P6, P5 and P2) were dewaxed and 306 subjected to antigen retrieval by heat (95°C in water bath for 20 min) using Dako antigen 307 retrieval solution (Dako). Tissue sections were blocked for 30 min in 1.25% IgG-free BSA 308 (Jackson Immunoresearch, West Grove, PA, USA) at room temperature. Primary antibodies 309 were applied over night at 4°C followed by secondary antibodies for 90 min at room 310 temperature. The primary antibodies against CD15, MPO and calprotectin were the same as 311 used for immunoenzyme staining. In addition, anti-CD163 (mouse monoclonal IgG 1 , 1:1000, 312 clone 10D6, Dako) was used. Secondary antibodies were donkey-anti-mouse-IgM-A488 (115-313 545-075, Jackson ImmunoResearch), goat anti-mouse-IgG 1 -Cy3 and goat-anti-rabbit-A647 314 (both Southern Biotechnology Associates). Nuclei were counterstained with 40,6-diamidino-315 2-phenylindole (DAPI) and slides were mounted with homemade poly(vinyl alcohol). Images were acquired with an Olympus Fluoview FV1000 laser scanning confocal microscope 317 (Olympus, Tokyo, Japan) using an Olympus UPlanAPO 20/0.8 oil lens (Olympus) and the 318 FV10-ASW V4.2 software (Olympus). Images were processed and assembled using 319 FIJI/Image J. 34, 35 320 321 323 We analyzed FFPE tissue sections from biopsy blocks of 10 patients with CD by LC-MS/MS, Figure 1 ). However, total protein 331 recovery for this sample was also extremely low (data not shown) and it was therefore 332 removed from the dataset. We identified in total 4711 proteins (Supplemental Table 1 ).
RESULTS

322
Comparison of protein expression in UCD vs TCD mucosa
333
Principal component analysis on log2 transformed LFQ intensities of all proteins separated 334 our data according to UCD or TCD except for two UCD samples (P7 and P8) that clustered as 335 TCD ( Figure 1A ). From the underlying protein distribution along Component 1 ( Figure 1B ) 336 we see that proteins likely deriving from neutrophils and monocytes (e.g. LTF, MPO) and 337 proteins likely deriving from mature enterocytes (e.g. CYP3A4, LCT) drive this clustering 338 ( Figure 1B ). Thus, we can distinguish samples from UCD and TCD mucosa based on the 339 global proteome expression level. Comparing our ten UCD samples with nine TCD samples 340 we found differential expression of 322 proteins ranging from 1.6 to 18.2-fold difference in expression (two-sample t-test, FDR<0.01). We found 175 proteins with higher expression in clustering of log2 transformed LFQ intensities for these proteins showed grouping according 345 to TCD or UCD (green and red bars) again with the exception of the P7 and P8 UCD samples 346 ( Figure 1D ). These two patients differed from the other UCD M3 patients on the protein level, 347 despite similar Marsh classification. In our paired material, one patient (P10) did not recover 348 to M0-1 but remained M3B after treatment. This was reflected by longer distance from the 349 remaining TCD M0-1 samples in the dendogram ( Figure 1D ). Supplemental Table 3 . We compared log2 transformed LFQ 360 intensities of selected enterocyte derived proteins for all patients except P9 and found that 361 Villin (VIL1) which is expressed in all enterocytes, increased only modestly upon treatment 362 (TCD). In contrast we observed a clear increase in expression for enterocyte function related 363 proteins, including CYP3A4, CYP2C9, LCT and FABP2 ( Figure 2B) . Thus, the biggest 364 difference between the groups is due to difference in enterocyte maturation status rather than 365 total enterocyte number as assessed from VIL1. Patients P7 and P8 UCD samples showed high expression of enterocyte derived proteins, in particular for CYP2C9, despite that operates in plasma cells, which are abundant in the celiac lesion. Proteins annotated to the 391 enriched processes are listed in Supplemental Table 4 . Table 5 ). Principal component analysis of log2 405 transformed LFQ intensities separated UCD from TCD samples ( Figure 3B and C) . The vast 406 majority of identified Ig sequences showed increased expression in UCD compared to TCD 407 (two-sample t-test FDR<0.05, Figure 3D ). In particular three Ig variable regions separated 408 UCD from TCD based on fold change in expression (IGKV3-15D, IGKV3-11 and IGHV5-409 51). Of these three Ig variable regions, we found that only IGHV5-51 decreased consistently 410 in all patients following treatment (except for patient P7) ( Figure 3E ).
412
Increased expression of proteins derived from neutrophils in UCD mucosa. 413 Many of proteins with the highest fold increase in UCD compared to TCD mucosa are 414 typically produced by neutrophils ( Figure 1C ). ClueGo Reactome pathway enrichment analysis showed that 26 of the proteins with increased expression in UCD mapped to the in UCD derive from immune response processes where a change in protein expression can be 591 induced by stimuli other than dietary gluten. In contrast, the autoantibody-response towards 592 TG2 is gluten dependent and highly disease-specific. We identified a number of different Ig 593 sequences from our FFPE material. Of these, IGHV5-51 decreased unanimously following 699 18. Figure 4B . CD15 is a carbohydrate that also can be expressed by enterocytes 947 and goblet cells, giving rise to epithelial cell staining.
